Abstract. Thorium nitrate was irradiated together with Au and Co neutron fluence monitors in the Kyoto University Reactor (KUR). The thorium was chemically purified using the solvent extraction and ion-exchange methods. The γ-rays in the decay of Th-234 were measured using high-purity Ge detectors (HPGes). Thermal neutron fluxes and epithermal indexes, i.e., the relative strength of the epithermal dE/E component, were determined using the Westcott convention. Five effective cross sections were determined for epithermal indexes from 0.01 to 0.04 using three irradiation facilities. The cross section for 2200 m/s neutrons and the resonance integral were deduced to be (1270±50) b and (1680±930) b, respectively, from the results of the five effective cross sections.
INTRODUCTION
Thorium is a promising energy resource for the next generation for the following reasons [1] : the estimated amount of thorium on the earth is considered to be more than three times as much as that of uranium. Furthermore, uranium-233, which is produced by double beta decay after the Th-232(n,γ)Th-233 reaction, has an extremely large reproduction factor η (eta), i.e., the number of fission neutrons emitted per 0.025 eV neutron absorption, of 2.29 among thermal fissile materials. Therefore, the 233 U-Th cycle is a possible candidate for use in breeding reactors using thermal neutrons; and so forth. However, the experimental values of the cross section of the second half of the reactions of Th-232(n,γ)Th-233(n,γ)Th-234, have been reported in only two papers, including an unpublished paper, as far as the author knows [2, 3] . Moreover, no one has ever used a high-purity Ge detector (HPGe) in the determination of the cross section. Therefore, to verify the widely used value of the cross section and to improve its accuracy, measurements of the effective cross section have been carried out.
EXPERIMENTAL
The experiments were carried out five times using the irradiation facilities of Hyd (hydraulic conveyer: at the center of the core), Pn-2 (pneumatic tube No. 2: in the reflectors) and Slant (slant exposure tube: outside the reflectors). In the case of using Slant, the experiments were repeated three times: Slant (1 st ), Slant (2 nd ) and Slant (3 rd ). Details of the characteristics of these facilities have been reported in [4] .
Approximately 100 or 200 mg of solid thorium (IV) nitrate tetrahydrate (Th(NO 3 ) 4 4H 2 O; thorium nitrate) was irradiated together with 0.1143% Au-Al and 0.483% Co-Al alloy foils to monitor the thermal neutron flux and epithermal index, by the Westcott convention. Irradiation was performed at 5000 kW for 5 h (in the cases of Slant and Hyd) or 1 h (in the case of Pn-2).
Chemical purification was applied to the irradiated thorium using the solvent extraction and ion-exchange methods more than 13 days after the irradiation in order to wait for Th-233 and Th-231, produced by the reactions of Th-232(n,γ) and Th-232(n,2n), respectively, to decay out [5] [6] [7] . The thorium nitrate was dissolved in 50 ml of extraction mixture (1 M nitric acid saturated with Fe(NO 3 ) 3 ), and the Th was extracted with ethyl acetate. Furthermore, the extracted Th was washed with "fresh" extraction mixture three times. The washed Th was back-extracted with distilled water, and then evaporated to near dryness. In addition, the precipitate was dissolved with 6 M hydrochloric acid and brought into contact with ethyl ether to transfer Fe to the organic phase. The aqueous phase was evaporated to near dryness again, and the precipitate was dissolved with over 9 M of hydrochloric acid. Furthermore, this solution was passed through the ion-exchange column containing DOWEX 1x8 resin (100 to 200 mesh, Cl-form, 5 ml), which had been subjected to sufficient conditioning beforehand. The eluted solution was evaporated to dryness and cemented with glue. This was the purified Th-sample. The recovery rate of Th-232 was roughly 50%, as described in section 3.-3.
The Th-234γ-ray spectra of the Th-samples were obtained using the HPGes of a low-background (LBG) and a low-energy photon spectrometer (LEPS) calibrated with standard sources. Figure 1 shows the γ-ray spectrum of the Th-sample obtained using Hyd. The activity of Th-234 was determined from the area of the peak at 92.57 keV in the γ-ray spectra, which is a doublet of 92.35 and 92.78 keV with intensities (2.73±0.05)% and (2.69±0.05)%, respectively [8] . The activity of Th-234 immediately after irradiation was deduced to (101,200±2,500) Bq. The activities of Au-198 and Co-60 were also measured using HPGes. The γ-ray spectra were analyzed using the Gaussian analysis program VIPF [9] . FIGURE 1. γ-ray spectrum of Th-sample obtained using the LEPS with absorbers of 1-mm-thick Al and a 10-mm-thick PMMA (poly(methyl methacrylate)). Numbers above the spectrum are the γ-ray energies in keV of Th-234 and those under the spectrum are x-ray or γ-ray energies from unwanted nuclides.
DETERMINATION OF EFFECTIVE CROSS SECTION FOR DOUBLE NEUTRON CAPTURE
The activity of Th-234 immediately after irradiation (λ 3 N 3 ) is determined by solving differential Eqs. (1) and (2), which represent the processes of the production and destruction of Th-233 and Th-234, respectively [10] .
Here, N 1 , N 2 , and N 3 are the atom numbers of nuclides of 
Westcott Conventionality Thermal
Neutron Flux [11, 12] The method of using the Au(n,γ)Au-198 and Co(n,γ)Co-60(g+m) reactions has been reported in detail in [4] ; therefore, in this section, the explanation is restricted to the essential points and the results.
The nv 0 and epithermal neutron flux nv 0 r√T/T 0 are, respectively, equivalent to the intercept and slope of the linear equation 
where R is the reaction rate of the Au(n,γ) or Co(n,γ) reaction. G th and G epi are self-shielding factors for thermal and epithermal neutrons within the foil, respectively, which are approximately unity, because Au and Co can be considered to be infinitely diluted. r√T/T 0 is the epithermal index, T is the neutron temperature, and T 0 is 293.6 K. g and s 0 are measures of the departure of the cross-section law from the 1/v form in the thermal and epithermal regions, respectively. The former factor is the Westcott g-factor, which has been tabulated by Westcott [13] and Gryntakis and Kim [14] . Furthermore, s 0 is defined as [11, 15] 
where I' 0 is the reduced resonance integral, which is obtained by subtracting the 1/v term from the excess resonance integral I 0 . Furthermore, when the cadmium cutoff energy E Cd is 0. 
where E 0 = 0.0253 eV. If the cross section obeys the 1/v law, g = 1 and s 0 = 0. The same Eq. (4) with a common intercept and slope will be formed, for the Au(n,γ)Au-198 and Co(n,γ)Co-60(g+m) reactions, if Au and Co are fastened together in a package and simultaneously irradiated. The nuclear data used are as follows: σ 0 and I 0 for Au are 98.65 and 1550 b, respectively, and those for Co are 37.18 and 74 b, respectively [16] . Figure 2 shows the results of Eq. (4) for the five experiments.
Effective Cross Section of the Th-232(n,γ)Th-233 Reaction
The effective cross section is given by [11] ( )
s 0 is determined to be 12.4 from Eqs. (5) and (6) Therefore, σ 12 can be calculated using r√T/T 0, which is determined in each experiment, as listed in Table 1 , when g is assumed to be unity.
Amount of Th-232 Recovered
After completion of the measurement of the activities of Th-234, the amount of Th-232 recovered after chemical purification was quantitatively analyzed by the activation method, as follows. The Th-samples, two pieces of Th-foil of known weight and 10 pieces of 5 mg Au-foil, which surround the Th-samples and Th-foil, were attached to a 15×7 cm piece of corrugated cardboard and irradiated with neutrons using the heavy-water neutron irradiation facility (D2O facility [18] ), where a uniform neutron flux is available to a certain extent. After irradiation, the activity of Pa-233 produced by beta decay after the Th-232(n,γ)Th-233 reaction were compared. Moreover, the differences in neutron flux among the Th-samples and Th-foil were corrected using the distribution of the reaction rates of Au(n,γ) 
RESULTS AND DISCUSSION
The results of the experiments are listed in Table 1 . From these results, the cross section of the Th-233(n,γ)Th-234 for 2200 m/s neutrons, i.e., for r√T/T 0 = 0, can be deduced to be (1270±50) b. On the other hand, Johnston et al. [3] have reported the effective cross section to be (1470±100) b and the thermal neutron cross section to be 1450 b, and Hyde et al. [2] have reported the effective cross section to be 1350 b (quoted from [3] ).
The irradiation condition in the case of Johnston et al. [3] , i.e., the Cd-ratio of Au was considered to be approximately 2.3, resembles that in the case of Pn-2 (Cd-ratio = 2.4). Therefore, a comparison of the effective cross section reported by Johnston et al. [3] and that reported herein is possible. However, Johnston et al. [3] use σ 12 = 10 b, therefore, if σ 12 = 11.1 b (in the case of Pn-2) is applied to the case of Johnston et al. [3] , since σ 23 varies inversely with σ 12 , as shown in Eq. (3), σ 23 in the case of Johnston et al. [3] may become approximately 1320 b. This value agrees sufficiently, within the range of experimental errors, with the value in the case of Pn-2.
The resonance integral for Th-233 is also deduced from our experiment results. By substituting σ 0 = 1270 b, σ 23 instead of σ 12 and r√T/T 0 obtained in Table 1 into Eq. (7), s 0 is determined for the five experiments. The unweighted average s 0 = 0.982±0.828. Therefore, using Eq. (5), I' 0 = (1100±930) b. Moreover, using Eq. (6), I 0 = (1680±930) b is calculated. This result suggests that there is a resonance in the epithermal region.
